Polyspecific antibodies represent a first line of defense against infection and regulate inflammation, properties hypothesized to rely on their ability to interact with multiple antigens. We demonstrated that IgG exposure to pro-oxidative ferrous ions or to reactive oxygen species enhances paratope flexibility and hydrophobicity, leading to expansion of the spectrum of recognized antigens, regulation of cell proliferation, and protection in experimental sepsis. We propose that ferrous ions, released from transferrin and ferritin at sites of inflammation, synergize with reactive oxygen species to modify the immunoglobulins present in the surrounding microenvironment, thus quenching pro-inflammatory signals, while facilitating neutralization of pathogens.
The immune system is capable of producing a large and diverse repertoire of antibodies that can recognize a wide variety of different molecular structures and conformations. Three models for antibodyantigen interactions have been described, differing by the role of molecular flexibility. The "lock-and-key" model proposes binding between geometrically optimized partners without substantial structural alterations. In contrast, antibodies that recognize epitopes according to the "induced fit" model undergo significant structural reorganization upon binding, resulting in increased antibody-antigen complementarity (1) (2) (3) . Although the first model is typical for antigen recognition by affinity-matured antibodies, the second one is intrinsic for germ line antibodies (2) (3) (4) (5) . The "conformational isomerism" model proposes that a single antibody molecule may adopt several different binding site conformations, independently of the presence of the antigen. These antibody isomers exist in equilibrium and each may recognize unrelated antigens (6 -8) .
An antibody molecule that relies on the use of active site flexibility for antigen binding (according to the last two models) is usually capable of accommodating a large number of structurally unrelated antigens (2, 8 -10) ; i.e. such an antibody is polyspecific. Polyspecific antibodies in healthy individuals represent Ͼ20% of all circulating antibodies. They play a major role in preventing pathogen dissemination in pre-immune organisms through enhanced antigen trapping (11) , a property attributed to their ability to bind multiple unrelated antigens (12) . Interestingly, polyspecificity of a fraction of IgG antibodies, present in all healthy individuals, can be induced in vitro by transient exposure to protein-destabilizing agents (low or high pH, high salt concentration, or chaotropic agents) (13, 14) , without concomitant denaturation of the immunoglobulin molecules. Thus, in their native state, these IgGs recognize a limited panel of antigens, but exposure to the destabilizing agents leads to a dramatic expansion of the spectrum of recognized antigens. The molecular mechanism and the biological significance of this "hidden" polyspecificity remain unclear. It is also not known whether this phenomenon occurs in vivo and whether the highly aggressive microenvironment present in inflammation sites could affect antigen binding of circulating immunoglobulin molecules.
In response to pathogens, professional phagocytes generate reactive oxygen species (ROS), 2 which have potent bactericidal activity (15) . It has been also observed that certain ROS can trigger the release of ferritin- (16) or transferrin-bound iron ions (17) . Further, free iron ions may play an important role in exacerbating the reactive oxygen cascades (18, 19) . We hypothesize that ROS and/or iron ions in inflammation sites may influence the antigen-binding properties of immunoglobulin molecules present in this microenvironment. The present study was undertaken to test this hypothesis and to get a better understanding of the molecular mechanisms responsible for antibody polyspecificity. Our data show that the exposure to ferrous ions or to ROS results in the potentiation of antigen-binding and anti-inflammatory activities of IgG. These effects are associated with an increase in antigen-binding site plasticity and hydrophobicity as shown by kinetic and thermodynamic analyses, fluorescence spectroscopy, and pH scanning analysis.
EXPERIMENTAL PROCEDURES
Immunoglobulin Preparations-A polyclonal therapeutic intravenous immunoglobulin (pIgG) preparation (Intraglobin F) was obtained from Biotest AG. F(abЈ) 2 fragments from pIgG were obtained by pepsin proteolysis and chromatography on protein G-Sepharose (Amersham Biosciences). The purity of the product was checked by SDS-polyacrylamide gel electrophoresis and enzyme-linked immunosorbent assay. Fc fragments from pIgG was a kind gift from Dr. Marianne Debré (Hospital Necker, Paris, France) (20) . The M061 hybridoma, secreting a human IgG1 antibody to the cytomegalovirus polypeptide 65-kDa matrix antigen, was a gift from Dr. M. Ohlin (Lund University, Lund, Sweden Z2 hybridoma, producing a mouse IgG2b antibody to mouse IgG2a (21) , and the IP2-11-1 hybridoma, producing a mouse IgG2a, were kindly provided by Dr. Eva Rajnavolgyi, (Department of Immunology, University of Lorand Eötvös, Budapest, Hungary). The hybridomas were cultured in protein-free medium in a bioreactor. Exposure of the immunoglobulin preparation to metal ions and UV light as well as determination of immunoreactivities by immunoblot and enzyme-linked immunosorbent assay and pH scanning analyses are described under supplemental "Experimental Procedures." Surface Plasmon Resonance Analysis-The kinetic constants of the interactions between the mouse Z2 IgG2b antibody and its target antigen (mouse IgG2a) were determined using the BIAcore 2000 surface plasmon resonance-based system (Biacore, Uppsala, Sweden). Purified mouse IgG2a was immobilized on research grade CM5 sensor chips using the amino-coupling kit (Biacore). IgG2a immobilization yielded a shift of ϳ3000 resonance units in the base line. The control flow cells were prepared by activation and subsequent deactivation of the carboxylated dextran matrix without the addition of proteins. All solutions were filtered through 0.22-m filters and degassed under vacuum before use. All of the experiments were performed using HEPES-buffered saline (0.01 M HEPES, pH 7.4, containing 0.15 M NaCl, 3 mM EDTA, and 0.005% v/v polysorbate) as running and sample dilution buffers. Concentrations ranging from 12.5 to 400 nM native or Fe(II)-treated mouse monoclonal Z2 antibody were injected on the immobilized monoclonal IgG2a. Different combinations of flow rates and association/dissociation times were used (association times: 4, 6, or 7 min; dissociation times: 5 or 7 min; and flow rates: 10 or 20 l/min) to limit the effect of mass transport and sample dispersion. The chip surface was regenerated using a 3 M solution of potassium thiocyanate. All measurements were performed in at least three independent experiments at temperatures of 10, 15, 20, 25, and 30°C. The binding to the surface of the control flow cell was subtracted from the binding to the antigencoated cells. BIAevaluation, version 4.1, software (Biacore) was used for the calculation of the kinetic rate constants of association (k on ), of dissociation (k off ), and of the equilibrium constants of dissociation (K D ) and association (K A ). The global analyses of each data set were performed using kinetic models, included in the software, yielding the fits with the lowest value of 2 (Ͻ1). Langmuir-type interactions were used to calculate the kinetic constants. The evaluation of thermodynamic parameters is described under supplemental "Experimental Procedures." Fluorescence Spectroscopy-Intrinsic emission spectra measurements of the native and Fe(II)-exposed mouse monoclonal Z2 antibody were performed using a MPF-44 spectrofluorometer (PerkinElmer Life Sciences, Shelton, CT). All analyses were carried out at 25°C using quartz cuvettes. The samples were diluted in phosphate-buffered saline to a final concentration of 6.67 M. The wavelength of 280 nm, which excites both tyrosine and tryptophan residues, was used for the fluorescence spectra measurements. The fluorescence emission spectra were recorded between 290 and 400 nm. The excitation and emission slits were both 10 nm, and the scan speed was 1000 nm/min.
Chemiluminescence Analyses-Lucigenin-derived chemiluminescence was monitored with an LKB-Wallac 1250 Luminometer (LKBWallac, Turku, Finland) at 25°C. The analyses were performed in 100 mM Tris-HCl buffer, pH 9, containing 0.5 mg/ml lucigenin and 67 M pIgG. The measurements started immediately after the addition of ferrous ions (final concentration 0.5 mM). In some cases, CuZn-superoxide dismutase or crystalline bovine liver catalase (both from Sigma-Aldrich) were added to the reaction buffer to a final concentration of 1 units/ml or 40 units/ml, respectively.
Oxidation of Indigo Carmine-The analyses were performed in phosphate-buffered saline containing 30 M of indigo carmine (Sigma-Aldrich) as described in the literature (22) . pIgG at a final concentration of 67 M, ferrous ions at final concentration of 1 mM, or both simultaneously were added to the reaction buffer. After 10 min of incubation at room temperature, absorption at 610 nm was measured.
Effect of Activated Neutrophils on Immunoreactivity of pIgG-Heparinized blood from a healthy donor was overlaid over a Ficoll Hypaque (Amersham Pharmacia) gradient and centrifuged. The pellet was resuspended in Hanks' balanced salt solution, and then 3% dextran 100 solution was added. After 20 min of incubation at 25°C, the neutrophil-rich fraction was decanted, centrifuged, and subjected to hypotonic lysis for elimination of residual erythrocytes. The latter treatment was repeated three times. Neutrophils were suspended to 2 ϫ 10 7 cells/ml in phosphate-buffered saline (pH 7.4) containing 6.7 M pIgG, transferred to the wells of culture plates, and half were stimulated for 15 min at 37°C by adding 1 g/ml phorbol myristate acetate (Sigma-Aldrich). After the incubation, the pIgG-containing supernatants were separated from the cells by centrifugation for 10 min at 10,000 ϫ g, and Pefabloc (0.1 mM) was added. The generation of ROS by the stimulated cells was confirmed by the bleaching of indigo carmine added to the medium of selected wells (not shown). The samples were stored at Ϫ20°C until immunoreactivities were analyzed by immunoblotting as described under supplemental "Experimental Procedures."
Mitogen-induced T Cell Proliferation-Heparinized venous blood from a healthy donor was used for the isolation of peripheral blood mononuclear cells by Ficoll gradient separation. The cells were resuspended in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Biofluids, Rockville, MD), 50 M 2-mercaptoethanol, 100 units/ml penicillin, and 100 g/ml streptomycin at 10 6 cells/ml, and 0.1 ml of the suspension was transferred to the wells of 96-well round bottom plates (Costar, Cambridge, MA). PHA-M (Sigma-Aldrich) was added to a final concentration of 20 g/ml. After incubation for 6 h at 37°C in 5% CO 2 , native or Fe(II)-exposed pIgG were added (to a final concentrations of 0.5, 1, 2, 5, and 10 mg/ml). After additional culturing for 60 h at 37°C and 5% CO 2 , the cells were pulsed with [ 3 H]TdR (1 Ci/well) (Amersham Biosciences, Cardiff, UK) and harvested 16 h later. Incorporation of [ 3 H]TdR was measured using a scintillation counter.
Escherichia coli-induced Septic Shock-E. coli, strain WFϩ (from the Central Research Institute of Experimental Medicine, Jena, Germany) was grown in a tryptic soy broth (Difco) for 24 h at 37°C. The cells were harvested, washed twice in saline, the optical density of the suspension was determined by measuring the absorption at 630 nm, and serial dilutions were plated on agar for counting the colony-forming units. Groups of ten 8 -12-week-old outbred female ICR mice were injected intraperitoneal with 0.5 ml of E. coli suspension (1 ϫ 10 9 cells/ml). Fig. 1B) antigens, as well as with F(abЈ) 2 fragments of pIgG (Fig. 1D ). In contrast, no increased binding to Fc fragments of IgG was detected (Fig.  1E ). Ferric ions (Fe 3ϩ ) had only a negligible effect on pIgG reactivity (supplemental Fig. S1B ), whereas no change was observed upon incubation with cupric, zinc, and manganese ions (data not shown). The increased binding of pIgG remained unchanged after the elimination of residual Fe(II) ions (in the presence of EDTA) and after six months storage at 4°C, indicating that the increased IgG reactivity was irreversible and independent of the continuous presence of Fe(II). Interestingly, although the polyspecificity of a monoclonal mouse IgG (Z2) specific for mouse IgG2a also increased upon incubation with Fe(II) (supplemental Fig. S1C ), binding to their target antigens of immune human pIgG directed to tetanus toxoid (supplemental Fig. S2 ) and diphtheria toxoid (not shown), and of a human monoclonal IgG directed to cytomegalovirus (Fig. 1A) were not modified, indicating that not all IgG antibodies were equally sensitive to the presence of ferrous ions.
RESULTS

Exposure to Fe(II) Increases Antigen-binding Activity of Immunoglobulin G-Incubation
Several lines of evidence ruled out the possibility that the observed effects were caused by Fe(II) ion-induced immunoglobulin denaturation: (i) high performance liquid chromatography analysis of pIgG incubated in the presence of 0.01, 0.1, or 1 mM ferrous ions did not show significant deviations in the chromatographic profiles compared with those of native pIgG, demonstrating that the treatment did not result in the formation of IgG aggregates; (ii) Fe(II)-exposed pIgG did not activate the complement (not shown); (iii) not all IgG molecules were equally sensitive to Fe(II), as antibodies generated after repeated immunizations were not affected by the ferrous ions; (iv) despite changes in antigen-binding activity, Fe(II)-exposed monoclonal antibody retained its binding affinity (see below).
Effect of ROS on IgG Polyspecificity-It is known that transition metal ions possess potent pro-oxidative properties (23) . We used lucigeninderived chemiluminescence analysis to find out whether the pro-oxidative potential of Fe(II) ions was associated with the increased reactivity of ferrous ion-sensitive IgG. We observed that the addition of Fe(II) ions to pIgG resulted in a 10-fold increase in the chemiluminescence signal ( Fig. 2A) . The suppression of the signal in the presence of superoxide dismutase, but not of catalase, confirmed that superoxide anions were formed in our experimental system. The detected chemiluminescence signal may also have resulted from the formation of other ROS besides the superoxide anion radical. Bleaching of indigo carmine was observed after the addition of ferrous ions to pIgG, confirming the presence of a singlet oxygen or ozone (supplemental Fig. S3 ). These results prompted us to investigate whether ROS alone was able to influence the antigenbinding properties of antibodies. Generation of ROS by near UV irradiation of a pIgG solution at 360 nm for up to 120 min resulted in a time-dependent increase in antibody immunoreactivity (Fig. 2B) . On the other hand, the incubation of 6.7 M solution of pIgG, in the presence of ROS-secreting phorbol myristate acetate-stimulated human neutrophils, also resulted in a significantly increased antibody reactivity to bacterial antigens (Fig. 2C) , indicating that ROS released from these inflammatory cells may influence the antigen-binding properties of IgG. Taken together, these results showed the direct effect of ROS on antibody reactivity.
Most ROS interact and cause oxidation damages to amino acid residues in proteins (24, 25) . Furthermore, it has been found that transition metal ions and ozone promote tryptophan oxidation into kynurenine or N-formylkynurenine that possess spectral properties different from that of intact tryptophan (26 -29) . To test whether such modifications occur in IgG after the addition of ferrous ions, we used fluorescence spectroscopy. It was observed that the exposure of the murine Z2 IgG to Fe(II) ions resulted in a shift in the emission maxima and quenching of the fluorescence (Fig. 4B) . This result could be explained by ROS-induced covalent modifications of the tryptophan residues.
Kinetic and Thermodynamic Analyses-To get a better understanding of the molecular mechanisms responsible for the Fe(II)-induced IgG polyspecificity, we performed kinetic and thermodynamic analyses of the interaction of a mouse monoclonal IgG with its cognate antigen (mouse IgG2a) using surface plasmon resonance. The Z2 antibody was selected for this study, as it was shown to bind to a large panel of antigens after contact with Fe(II) ions (supplemental Fig. S1C ). The value of the binding affinity of native Z2 IgG for mouse IgG2a, measured at 25°C, was 142 nM (Ϯ14 nM, n ϭ 3), within the range of values with physiological relevance. Interestingly, quite similarly K D (136 nM (Ϯ12 nM, n ϭ 3)) was obtained for the Fe(II)-exposed antibody, indicating that the induction of antibody polyspecificity was not associated with a change in the binding affinity. Also no significant differences between K D of the native and of the Fe(II)-exposed Z2 were observed when measured at temperatures of 15, 20, and 30°C (Fig. S4) . In contrast to these results, we found that the association and dissociation kinetic rate constants were strongly affected after the induction of polyspecificity. Thus, exposure to ferrous ions resulted in a significant decrease (ϳ4-fold at 25°C) in both rate constants as compared with those seen for the native Z2 IgG (see the supplemental Table) . Further, we determined the values of k on and k off as a function of the temperature. Our results demonstrated that the temperature dependence of the rate constants were also affected by Fe(II) exposure. As could be seen on the Arrhenius plots shown in Fig. 3A , both rate constants of polyspecific Z2 are more temperature-sensitive than those of the native Z2. It is important to note that the values of the kinetic rate constants did not change significantly when the density of the immobilized antigen on the chip surface was varied, thus ruling out mass transport or other rebinding artifacts.
Activation energies derived from the slopes of the Arrhenius plots were used for evaluation of the thermodynamic parameters characterizing the association, dissociation, and equilibrium phases of the interactions of the Z2 IgG (Fig. 3B) . Unfavorable entropy changes (T⌬S) of the association were estimated for both native and for Fe(II)-exposed Z2. The T⌬S values differed significantly, being Ϫ18.2 Ϯ 0.7 and Ϫ27.57 Ϯ 2.37 kcal mol Ϫ1 , respectively. On the other hand, favorable changes in enthalpy (⌬H) were observed. Here again, the value of this parameter was greater (Ͼ2-fold) for the Fe(II)-exposed antibody when compared with the native one (Fig. 3B) . However, in both cases the favorable values of ⌬H could not overcome the highly unfavorable T⌬S values. As seen in Fig. 3B for the phase of dissociation, even more pronounced changes in favorable ⌬H and unfavorable T⌬S values occurred after the induction of polyspecificity. Finally, the T⌬S values at equilibrium were positive (favorable) for both native and Fe(II)-exposed antibodies (7.09 Ϯ 0.91 and 15.35 Ϯ 3 kcal mol Ϫ1 , respectively). On the other hand, a favorable negative value of ⌬H for native Z2 (Ϫ2.23 Ϯ 0.28 kcal mol Ϫ1 ) and an unfavorable positive value for Fe(II)-exposed antibodies (5.99 Ϯ 1.18 kcal mol Ϫ1 ) were observed. The resultant equal values for the changes in the free energy (⌬G) at equilibrium (Fig. 3B ) are in excellent agreement with the kinetic results, indicating that the binding affinity of the ferrous ion-exposed antibody did not differ from that of the native one.
Fe(II) Exposure of IgG Molecules Results in an Enhanced Role of Hydrophobicity in Antigen
Binding-A pH scanning analysis in a broad pH range (pH 3-12) was carried out to further examine the interaction between the native and the Fe(II)-exposed Z2 monoclonal antibody with its cognate antigen. The binding curve of the native Z2 IgG was bell-shaped, with apparent inflexed points at pH ϳ6 and 9 and a maximum at pH 7 (Fig. 4A) . The behavior of the Fe(II)-exposed Z2 was similar to the native one in neutral and alkaline pH regions and completely different at acidic pH. Thus, in the pH range 4.5-8.5, the interaction of the Fe(II)-exposed Z2 was almost pH-independent and reached a plateau with close to the maximal binding (Fig. 4A) . The apparent inflexed points were at pH 4.5 and 9.5.
Biological Effects of Ferrous Ion-exposed IgG -It has been shown that normal human polyclonal IgG preparations have an inhibitory effect on mitogen-induced lymphocyte proliferation (30) . To study whether the elevated antigen binding correlated with a higher anti-proliferative activity, we compared the ability of native pIgG and Fe(II)-exposed pIgG preparations to suppress the PHA-induced human peripheral blood mononuclear cell proliferation. The results obtained demonstrated that, at high concentrations (5 and 10 mg/ml), both preparations exerted similar inhibitory effects. However, significantly greater suppression of the proliferation was observed with Fe(II)-exposed pIgG at lower concentrations (0.5, 1 and 2 mg/ml) (Fig. 5A) . Further, this result and the increased binding of iron-exposed pIgG to the inflammatory cytokine recombinant human interferon ␥ (Fig. 1C) prompted us to investigate the effect of iron-exposed pIgG in pathological conditions resulting from uncontrolled cytokine release and inflammation (31) . Thus, the injection of a single dose (30 mg/kg) of Fe(II) ion-exposed pIgG, but not of native pIgG, resulted in the prevention of death in an experimental model of sepsis (Fig. 5B) . A beneficial effect was also seen when using a dose of 150 mg/kg, but not when using a dose of 6 mg/kg (not shown). Fe(II)-exposed human serum albumin had no beneficial effect, regardless of the amount administered (not shown).
DISCUSSION
All immunoglobulins (and T cell receptors) regardless of source, isotype, or antigen specificity are able to catalyze a water oxidation reaction in which hydrogen peroxide and a product with the chemical signature of ozone are produced (32-35). As a substrate for this reaction, immunoglobulins use singlet oxygen, generated and released during the respiratory burst from phagocytes at sites of inflammation. The role of the antibody-catalyzed water oxidation pathway in anti-bacterial defense, inflammation, and pathogenesis of atherosclerosis was demonstrated (22, 36, 37) . It was shown by x-ray analysis that, during this reaction, a limited number of oxidative modifications of amino acid residues occur in the immunoglobulin molecules. These oxidative modifications do not change the main chain conformations of the Fab fragments and do not interfere with the catalytic activity (38) . However, it is unknown whether the oxidative modifications induced by the highly reactive forms of oxygen could influence the antigen-binding properties of the immunoglobulins present at inflammation sites. Of special interest would be the behavior of the IgG fraction, which was shown to be very sensitive to a transient exposure to different protein-destabilizing agents (14) . Indeed, in the present study, we have shown that, under conditions where the antibody-catalyzed water oxidation pathway is functioning (UV light irradiation of a human polyclonal IgG preparation), IgG molecules significantly increase their antigen-binding activity. This result is supported and extended using a biological source of ROS-activated human neutrophils. Thus, when an antibody-catalyzed water oxidation pathway was induced by incubation of a polyclonal IgG in the presence of phorbol myristate acetate-stimulated neutrophils, an increase in the binding of antibodies to bacterial antigens was observed.
Furthermore, we studied whether the metal-induced oxidation could affect the antigen-binding properties of human and mouse immunoglobulins. Ferrous ions were used because of their prominent reduction potential and their availability in biological systems under certain con- ditions (39) . Iron ions participate in vivo in the Fenton and iron-catalyzed Haber-Weiss reactions (23) . However, it has been shown that the reaction in which ferrous ions interact directly with a dioxygen molecule may also play an important role in the initiation of biological free radical oxidation (40, 41) . Thus, in aqueous solutions containing dissolved oxygen, Fe(II) ions donate electrons to dioxygen molecules which, via intermediates (ferryl and perferryl ions), transform into superoxide anion radicals (40) . Superoxide anions may further participate in different reactions in which other ROS are generated (42) . Our results demonstrated that a transient exposure of human polyclonal IgG or mouse monoclonal IgG to Fe(II)-ions leads to an increase in the number of recognized foreign and self-antigens. This effect, however, was not observed after exposure to the same concentrations of ferric ions or other transition metal ions without reduction potential. Furthermore, using a chemiluminescence analysis and an indigo carmine assay, we showed that superoxide anion radicals and singlet oxygen (or ozone) are formed in the immunoglobulin solutions upon the addition of Fe(II). On the basis of these results, it is tempting to speculate that Fe(II) ions initiate a radical oxidation pathway by single electron reduction of the dioxygen molecule. Further, immunoglobulins synergize in the generation of reactive oxygen species resulting in an increase of IgG immunoreactivity.
Kinetics and Thermodynamics-We applied the surface plasmon resonance technique to determinate the kinetic and the thermodynamic parameters intrinsic to the interactions of the native (monospecific) and of the Fe(II)-exposed (polyspecific) monoclonal mouse IgG antibody. Our results showed that, despite the considerable increase in the number of recognized antigens (demonstrated by immunoblot analysis), the binding affinity of the Fe(II)-exposed antibody to its cognate antigen remained unaltered. This result is in agreement with previous studies where the increase of the antibody polyspecificity has been achieved by exposure to acidic pH or chaotropic agents (13, 14) . In these studies, however, the K D values were determined using competitive binding enzyme-linked immunosorbent assay. As the K D derives from the values of the kinetic rate constants (K D ϭ k off /k on ), the same affinity value can reflect many different combinations of these constants. Indeed, we have found that, independently of the equal values of K D , the values k on and k off were different for both states of the antibody. Thus, the exposure of Z2 antibody to Fe(II) ions resulted in a severalfold decrease in the rates of association and dissociation. The fact that the Z2 antibody retains its binding affinity despite these considerable changes in association and dissociation rates could be explained by the compensation of the decrease in k on (which provides a negative effect on overall affinity) by a complementary decrease of the k off (with a positive effect on overall affinity).
Slow association kinetics, comparable with the values obtained in our study, were found to be typical for the T cell receptor interactions (43) . T cell antigen receptors have an intrinsic cross-reactivity; a single T cell antigen receptor must scan thousands of structurally similar peptidemajor histocompatibility complexes until finding the appropriate peptide-major histocompatibility complex (44) . In this respect, it has been proposed that the slow association kinetics reflect conformational adaptations of the interacting surface of the T cell antigen receptor to match different peptide-major histocompatibility complexes (43, 45) . On the other hand, it is known that low values of k on are also typical for the interactions of pre-immune antibodies (46) . As is the case with T cell antigen receptors, these antibodies usually possess degenerated antigen specificities and have flexible antigen-binding sites (47) . During the affinity maturation stages, the rate of association gradually increases (46) , which reflects the transition from induced fit to lock-and-key mode of antigen binding. Having in mind all of these findings, it is tempting to speculate that the considerable decrease in the rate of association of the Z2 antibody after exposure to Fe(II) is because of an increase of the conformational plasticity of its antigen-binding site. To prove this hypothesis, we evaluated the thermodynamic parameters intrinsic to the interactions of the native and of the Fe(II)-exposed antibodies. Our results demonstrated that the association phase of the interaction for both native and Fe(II)-exposed antibodies is characterized by an unfavorable T⌬S and a favorable ⌬H. However, the magnitudes of these changes are different for both states of the antibody. The change in entropy during intermolecular interaction reflects changes in the structural configuration of the interacting molecular surfaces and/or changes of the ambient solvent structure (48, 49) . On the other hand, the change in enthalpy results from the differences in the energies of the noncovalent interactions in the free and the bound states (48, 49) . In this respect, the unfavorable T⌬S for the association that we have observed for the native and for the Fe(II)-exposed antibodies most probably arises from structural rearrangements of the contacting surfaces upon binding. We excluded the solvent effects as an explanation for the negative T⌬S, because as a rule, during the association of the interacting molecules, the ordered water molecules around the proteins are expelled, and this consequently benefits entropy. Thus, we propose that the complementary determining regions of the free antibody are flexible (may adopt many structural configurations) and become ordered (with one dominant structural variant) only on binding to the target epitope. This diminishes disorder and hence entropy. Accordingly, the further decrease of the association T⌬S, induced by the exposure to ferrous ions, is a quantitative sign for a higher paratope flexibility of the unbound antibody, which could contribute to a broadening of the rep- ertoire of recognized antigens. It has been shown that germ line antibodies are characterized by highly unfavorable changes of association entropy (indicating a paratope flexibility) (9, 47) . This was proposed to be responsible for the highly degenerated antigen specificity and considerably lower binding affinity compared with those characteristic of immune antibodies. Interestingly, the extent of the degenerated antigen binding is shown to correlate with the magnitude of the unfavorable change in entropy (9) . Our results are in good agreement with these findings.
Together, the kinetic and thermodynamic studies demonstrate that a fraction of IgG acquires an additional structural flexibility upon exposure to ferrous ions, which may contribute to expanding the repertoire of the epitopes recognized by the antibody. Interestingly, we found that the exposure of polyclonal IgM (an isotype with high intrinsic paratope plasticity, respectively polyspecificity) to Fe(II) did not result in a further increase of its antigen-binding activity (data not shown). Therefore we propose that the fraction of ferrous ion-or ROS-sensitive IgG occupies an intermediate position between IgM with high paratope flexibility, and affinity-matured immune IgG, IgA, and IgE that have rigid antigenbinding sites.
k on values strongly depend on long range electrostatic interactions (50) . In this respect, the Fe(II) exposure-induced lowering of k on of Z2 IgG may result from a disturbance in the immunoglobulin electrostatics. To test this possibility, we performed pH scanning analyses. The pH dependence for the binding of native Z2 IgG to mouse IgG2a was typical of electrostatic, hydrogen, or dipole contact-mediated interactions. In contrast, the binding of Fe(II)-exposed Z2 became independent of pH between 4.5 and 8.5, demonstrating an enhanced contribution of hydrophobicity to the interaction. This suggests that ferrous ions induce the exposure of hydrophobic patches on the V regions of a fraction of circulating IgG. It has been shown that polyspecific antibodies use primarily a hydrophobic component for their interactions with target antigens (51), but in some cases hydrogen bonds also play a role (52) . Indeed, we observed a clear pH dependence of the interaction of Fe(II)-exposed Z2 antibody to its target antigen at basic pH values. This indicates that polar contacts also contribute to the binding.
Biological Relevance-The presence of hydrophobic patches ("hyppos") on the surface of pathogen-associated or self proteins is believed to be detected as a "danger" signal by the immune system (53) . We hypothesize that the oxidative burst-related increase in polyspecificity and hydrophobicity of some IgGs circulating in the inflamed areas may enhance their potency to recognize and quench pro-inflammatory signals. Indeed, the inhibition of PHA-induced peripheral blood mononuclear cell proliferation was significantly greater in the case of ferrous ion-exposed pIgG than in the case of native pIgG. Furthermore, Fe(II)-exposed polyclonal IgG preparation prevented death in an experimental model of systemic inflammation. On the other hand, the ROS-induced increase in the binding to bacterial antigens of IgG prompted us to hypothesize that the antibodies with hidden polyspecificity serve as a first line of defense against invading pathogens. The switch to a polyspecific mode of binding (higher paratope plasticity) may occur only at sites of inflammation where highly reactive radicals are available. Thus, the effects of these IgGs is compartmentalized to areas where pathogens or inflammatory stimuli are present.
The generation of superoxide anion radicals by phagocytes, taking place during inflammation, synergizes with the immunoglobulin-catalyzed production of hydrogen peroxide and ozone (22, 32, 33, 36, 37) . This oxidative burst also triggers the release of ferritin-(16) or transferrin-bound (17) ferrous ions that further amplify the reactive oxygen cascades. We speculate that the released Fe(II) ions, in concert with ROS, increase the paratope flexibility and the expression of hydrophobicity on some of the IgGs present in inflammation sites. The consequent increase in antibody reactivity and the ability to interact with multiple antigens may be the structural basis for the large spectrum of as yet poorly explained effector functions of natural antibodies (54) .
Furthermore, ROS-induced exposure of hidden specificities on membrane-bound Ig (i.e. B cell receptors) might result in the activation of B lymphocytes that would otherwise remain unresponsive. The ensuing clonal selection and affinity maturation of the activated B cells would lead to a skewing of the repertoire of antibodies better adapted to control infection. Thus, ROS-induced recruitment of B lymphocytes might provide a link between innate and adaptive immunity. Such "specificity editing" should take place outside primary lymphoid organs, i.e. where the processes of negative selection of potentially harmful autoreactive B cell clones are not operational. This may lay the foundation for the development of pathological autoimmune processes and thus explain the link between infection and autoimmunity.
